Abstract: Improved organometallic catalysts resulting from including ligands capable of proton transfer or hydrogen bonding are described. Pyridyl-and imidazolylphosphines accelerate anti-Markovnikov alkyne hydration and alkene isomerization and deuteration by factors of 1000 to more than 10 000. Evidence for proton transfer and hydrogen bonding in catalytic intermediates comes from computational, mechanistic, and structural studies, where 15 N NMR data are particularly revealing.
INTRODUCTION
The importance of catalysis and catalytic processes cannot be overstated. It has been estimated that 35 % of global gross domestic product depends on catalysis [1] . Catalysis-based chemical syntheses are involved in 60 % of chemical products and 90 % of chemical processes. In the United States, the chemical industry represents 10 % of all manufacturing, and employs more than 1 million people [2] . Solving world needs for clean and renewable energy may hinge on the ability of catalysts to make fuels from sunlight [3] . In short, improving catalysts and uncovering new mechanisms for catalysis could have a large practical impact in many areas.
In any chemical transformation, bonding electrons are moved. Transition metals facilitate bondbreaking and -making using their valence electrons. However, in many catalytic processes, protons are transferred from one atom to another as substrate is transformed to product. Therefore, starting about 10 years ago [4, 5] our group began studying combining the ability of a transition metal to move electrons with ligands capable of proton transfer, examples in the wide field of bifunctional catalysis [6] . This article will focus on our studies of phosphines bearing an imidazolyl or pyridyl group and the roles the basic nitrogen substituent can play. Homage is paid to pioneering work at Shell in the 1990s [7, 8] , where a pyrid-2-yl or 6-methyl-2-pyrid-yl substituent at phosphorus led to very significant enhancements in rate and selectivity for Pd-catalyzed methoxycarbonylation of propyne. A strong acid with weakly coordinating conjugate base (toluenesulfonic acid) was a co-catalyst in this transformation, suggesting that perhaps a pyridinium species was important in the catalytic cycle, though there is more than one possibility for its precise role [9, 10] . Despite the attractiveness and novelty of the use of pyridylphosphines noted above, until our work on imidazolyl-and pyridylphosphines there appeared to be no other reports of catalysis using these species. Instead, hundreds of pyridylphosphine complexes [11, 12] and fewer imidazoylphosphine complexes (examples, [13] [14] [15] [16] [17] [18] [19] [20] ) had been made for a variety of purposes other than catalysis. Here, hydrogen bonding or proton transfer in catalysis using heterocyclic phosphines and their complexes will be the focus. Figure 1 summarizes key relative rate data for catalysis of two reactions, anti-Markovnikov alkyne hydration (eq. 1) and alkene isomerization (eqs. 2 and 3), which show the benefits of heterocyclic phosphines. Before our work, complex 1 [21] was the fastest and most selective catalyst for eq. 1. Complexes 2 and 3 are 90 and 1100 times faster, respectively [5, 22] , and data for aquo analog 4b show further improvement. For alkene isomerization, an imidazolyl substituent in 6 offers rate accelerations of more than 10 000. The significance of tert-butylated heterocycles will be described first, before more detailed considerations of hydrogen bonding and proton transfer in the reactions summarized in Fig. 1 
RESULTS AND DISCUSSION

Catalyst design considerations
In making potential catalysts with heterocyclic phosphines, there are several design considerations. Figure 2 illustrates the imidazolylphosphine case. A common ground-state catalyst structure would be 7 or 8. For catalysis, we seek to form 9 for binding with polar ligands (illustrated by water), leading to 10. Ligand loss from 8 could be adjusted by selecting an appropriately labile co-ligand L, whereas chelate opening in 7 could be adjusted by varying the steric demand of R 1 next to the coordinating nitro gen, as well as by varying the sterics and electronics of the phosphine R groups. In a series of papers in the past 8 years we have provided experimental evidence for the profound role of R 1 in both chelate stability and also catalytic ability [5, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , where a tert-butyl group often emerges as an excellent choice. For example (Fig. 3) , Pd(II) complexes 11a and 11b exhibit metal-nitrogen bond lengths of 2.1639(18) and 2.2626(17) Å, for a change of 0.0987 (29) , respectively, whereas the other three metal-ligand bond distances are unchanged within 0.012 Å [25] . Ruthenium complexes 12a and 12b have not been structurally characterized but they show dramatically different reactivity: 12a is static on the NMR time scale, showing sharp 1 H and 31 P NMR spectra even at 80 °C, whereas its tertbutylated analog exhibits broad NMR resonances even near 0 °C. Moreover, 12a is ineffective as an alkyne hydration catalyst, whereas 12b (which becomes 4b during hydration reactions) shows excellent activity [22, 23, 33] . Additionally, we note that increasing the size of "innocent" phosphine R groups promotes chelation [25, 34] , an organometallic manifestation of the Thorpe-Ingold or gem-dialkyl effect [35] [36] [37] [38] . Our success in creating efficient and highly active catalysts for alkyne hydration and alkene isomerization ( Fig. 1) , which both feature tert-butylated heterocycles, has spurred recent improvements from the Hintermann labs in synthesis of pyridyl halides and phosphines with tert-alkyl or 2,6-disubstituted aryl groups next to nitrogen [39] [40] [41] . In summary, the ability to vary catalyst structure, particularly the steric environment around the basic or coordinating nitrogen, allows one to finetune reactivity in many ways. 
Anti -Markovnikov alkyne hydration
The anti-Markovnikov hydration of alkynes is clearly a multi-step process, whether performed by traditional [42] or bifunctional catalysts. Because nitrile dissociation on the CpRu + fragment is dissociative [43] , loss of nitrile from 3 or of water from 2 or 4b followed by alkyne coordination is the likely start of alkyne hydration. We performed a series of experiments to check effects of bifunctional ligands on both the alkyne complex structure (13, Fig. 4 ) and also subsequent isomerization [44] to vinylidene complexes (14) . The first part of this work [30] was done using -PMe 2 ligands and acetylene, because literature reports [45] indicated that our best chance of isolating or detecting an alkyne π-complex before it isomerized to a vinylidene would occur with the smallest possible phosphine and alkyne. Moreover, we worked under dry conditions to minimize the interference from water on the process. Thus, chelate complex 12c cooled below -40 °C in CD 2 Cl 2 does not react at an appreciable rate with acetylene, but near -40 °C is converted to symmetrical π-complex 13c, which isomerizes in high yield to vinylidene 14c at higher temperatures (0 °C, 3 h). In contrast, control complex 13d made and handled at room temperature isomerized to vinylidene 14d after 3 h of heating at 50 °C, a reaction temperature about 50 °C higher than for the bifunctional analog. Using doubly labeled alkyne H 13 C 13 CH allowed us to measure all possible C-H couplings in both the alkyne and vinylidene complexes. Previous work from our labs [27, 31] showed that 1 J CC could be used much as CO infrared stretching frequencies are used to discern metal-ligand backbonding and ligand electronic effects. In the vinylidene products, within experimental uncertainty 1 J CC and 1 J CH are the same, from which we can conclude that the ligand electronics are the same.
In distinct contrast, whereas the alkyne complex 1 J CC values are identical within experimental uncertainty, the couplings involving alkyne hydrogens ( 1 J CH and 2 J CH ) are not. Because ligand electronics is not a factor, we are left to conclude that hydrogen bonding in the pyridyl case must be responsible for the differences. Our experimental data appear to be the first for the effects of hydrogen bonding on alkyne NMR coupling constants. Searching for guidance from theory, we could find only a single paper, on HCCHؒؒؒOH 2 [46] . Reassuringly, in the complexes, comparing alkyne (13d) and hydrogenbonded alkyne (13c), the increases in 1 J CH and 2 J CH seen by us experimentally (+1.5 and +1.9 Hz) resemble those predicted by comparing alkyne HCCH and hydrogen-bonded alkyne in HCCHؒؒؒOH 2 (+2.55 and +1.65 Hz).
Additional evidence for hydrogen bonding in structure 13c comes from experiments on its 15 N-labeled analog. Scalar couplings across hydrogen bonds are now known through a great deal of experimental and theoretical work on interactions in proteins, DNA, and supramolecular systems [47] , but until our experiments there appeared to have been no use in coordination or organometallic chemistry. The 13 C{ 1 H, 31 P} NMR spectrum of 13c-( 15 N) 2 , acquired at -50 °C shows a broadened doublet ( 2h J CN = 3 ± 0.5 Hz) as expected for coupling of one natural abundance acetylene 13 C to the nearest 15 N label. In none of these experiments is splitting due to 1h J HN observed, but this value would be expected to be even smaller, less than 1 Hz. Density functional theory (DFT) calculations on 13c predict a slightly unsymmetrical structure with two different C-HؒؒؒN angles (124.5, 135.7º) and different couplings 2h J CN = -3.4 and -6.7 Hz, averaging to -5 Hz. The other experimentally determined NMR coupling constants for 13c are consistently about 20 % lower than the calculated values, so -5 Hz could be multiplied by 80 % to give -4 Hz, close to the observed value. The closest literature comparison we could find came from previous theoretical work by Del Bene et al. on a simple system (NCHؒؒؒNCLi) [48] , but our data for 13c appear to be the first determination for an alkyne.
The strength of the hydrogen bonds in 13c can be gauged by calculations on conversion of 13d to 14d (ΔG = -17.9 kcal mol -1 ) and for similar conversion of 13c to 14c (ΔG = -12.7 kcal mol -1 ). Because all experimental evidence suggests no electronic difference between the phenyl and pyridyl ligands, the altered ΔG value may be attributed to thermodynamic stabilization of 13c by two hydrogen bonds, each contributing 2.6 kcal mol -1 .
Having identified intermediate 13c and its hydrogen bonding, we turned our attention to subsequent steps in the catalytic cycle. Although several mechanisms for alkyne to vinylidene tautomerization have been proposed [44, 49] , in the case of CpRu chemistry it was thought that the first step is movement of the terminal alkyne hydrogen from C1 to C2 [50] [51] [52] [53] [54] . However, in 2001 Tokunaga and Wakatsuki [42] showed that deuterium label at C1 was completely retained in the ultimate aldehyde product, inconsistent with simple movement of H1 to C2. To explain this unexpected result, the authors proposed initial alkyne protonation, which in the case of our phosphines could involve the heterocycle. Our bifunctional ligands clearly facilitate alkyne-to-vinylidene transformation, since the temperatures needed for this reaction are 50-90 °C lower when heterocyclic ligands are used. Preliminary calculations (Fig. 5) show possible roles for those ligands in conversion of 15 to 17. In transition state 16, the migrating hydrogen is within bonding distance not only of the pyridine nitrogen from which it came and of the alkyne carbon to which it is going, but also to the metal. Further work is in progress to define the roles of the heterocycle in lowering activation energies of various steps.
Not only does it appear that heterocyclic substituent can facilitate vinylidene formation, but also its subsequent conversion to aldehyde. Figure 6 shows the dramatic effects of heterocyclic phosphines on vinylidene reactivity. Species 18 was prepared from 1-nonyne, KB(C 6 F 5 ) 4 and the same catalyst (1) reported as optimal by Tokunaga and Wakatsuki [21] . Bifunctional species 19 was made using 12b and 1-nonyne. When 18 and 19 are exposed to 10 equiv of water under identical conditions, pyridylphosphine species 19 smoothly converts to nonanal and 4b within hours, whereas 18 gives no aldehyde even after two weeks; this corresponds to an acceleration of 20 000 or more. This result highlights the exceptional reactivity of vinylidene intermediate with pyridylphosphines but further experiments are needed to shed light on the mechanism. Careful observation of alkyne hydration mixtures by NMR spectroscopy using either 3 or 4b allowed us to detect catalyst 3 (when starting from 3), 4b, vinylidene complexes like 19, and a fourth, unidentified species in varying amounts depending on how much alkyne had already been consumed. Eventually, after some experimentation, we were able to find conditions to maximize the amount of the fourth species. Exposure of 4b to H 13 C 13 CH and a limited amount of water at 0 °C for several hours leads to formation of the fourth species in yields up to 91 %. When allowed to react at room temperature or above, the fourth species is consumed and labeled acetaldehyde and 4b is formed. A series of experiments including ones with 15 N-labeled ligands allows us to conclude that this intermediate is 23 (Fig. 7) , rather than its tautomer 24. The difference between 23 and 24 is subtle but significant: 24 bears a hydroxycarbene ligand donating a hydrogen bond to one pyridyl substituent, whereas 23 features a pyridinium moiety donating a hydrogen bond to an acyl ligand. Significant data include a very downfield 1 H resonance near 19 ppm, and for the ligand derived from H 13 C 13 CH, a downfield carbon resonance near 295 ppm and an upfield doublet at 51.4 ppm, with small C-C coupling (22.3 Hz) indicative of a single bond between the carbons. These data do not allow us to distinguish between 23 and 24, but 15 N NMR data [55] (Fig. 7) do so. Figure 7 shows that the 15 N shift is almost insensitive to coordination at P (20 to 21), or ionization of a chloride ligand or presence of a π-acidic ligand, as seen by the chemical shift for the nonchelating ligands in 12b and 22. On the other hand, coordination to a metal (chelating ligand in 12b) or N-protonation (model salt 25) lead to dramatic upfield shifts, as seen by other researchers for other metal-pyridine or pyridinium species (for examples, see [56] [57] [58] [59] ). With these background data in hand, the power of using 15 N NMR data to study hydrogen bonding or proton transfer is shown by considering species 4b and 23. In the case of 4b, the 15 N chemical shift is 21.6 ppm upfield that in species 21, showing the effects of hydrogen bonding in 4b. Even more useful information comes from observing 23-( 15 N) 2 at -100 °C: one 15 N resonance at -63.6 ppm indicates a normal pyridylphosphine with no hydrogen bonding or other interaction at the nitrogen, whereas a second resonance centered at -146.7 ppm is consistent with N-protonation (23) rather than a nitrogen-accepting hydrogen bond (24) . The fact that the N-protonated nitrogen of 23 resonates near -146.7 ppm rather than near -188.5 ppm as in model pyridinium salt 25 suggests perturbation by hydrogen bonding. Additional evidence for hydrogen bond- ing is the fact that the observed 15 N-H coupling constant 1 J NH for 23 (56.8 Hz) is only 62 % of that seen for 25 in CD 2 Cl 2 , where no hydrogen bonding occurs. These experiments conclusively identify the protonation state of 23 and the effects of hydrogen bonding on the H-N portion of the proposed OؒؒؒH-N hydrogen-bonding network, but one more piece of data is needed to unambiguously show the presence of an interaction between acyl O and pyridinium NH. Addition of D 2 O to 23 (Fig. 8) in varying amounts produced mixtures of 23 and its deuterated isotopomer, where the two species exhibit dramatically different 13 C NMR chemical shifts for the acyl carbon, which is unambiguous evidence for interaction of the acyl O with the NH/ND moiety.
We have thus identified all of the spectroscopically detectable species in the catalysis mixtures. Our ongoing work seeks to define the transition states between the observed species, as elucidated by kinetics and theoretical calculations. Modeling of the addition of water to a vinylidene ligand leading to observed acyl 23 has already revealed several distinct reaction steps, each involving proton transfer [60] ; moreover, subsequent release of the aldehyde product may also involve proton transfer. Our lab is engaged in elucidating the roles of the bifunctional ligands in the remainder of the catalytic cycle. 
Alkene isomerization and deuteration at allylic positions
As the importance of proton transfer in alkyne hydration became apparent, we began investigating alkene isomerization facilitated by a pendant heterocycle. After screening a number of phosphines coordinated to CpRu + fragment, complex 6 emerged as a superior catalyst for alkene isomerization [61, 62] . Notable features of 6 include its ability to move an alkene over 30 positions on an unhindered carbon chain, and its selectivity for forming and acting on (E)-substituted alkenes. Our mechanistic hypothesis ( Fig. 9 ) is based on several observations, starting with the fact that addition of ethylene to 6 surprisingly leaves the chelate intact, instead resulting in one mole of free CH 3 CN and a labile ethylene complex like 26. Larger nonpolar alkenes such as those subjected to isomerization do not give detectable amounts of intermediates, but we assume that nitrile loss and alkene coordination begin the catalytic cycle. Internal deprotonation at either of the two diastereotopic allylic positions of 26 could give either 27-or 27 Z. The high (E) selectivity can be explained by higher energy of diastereomer 27-Z (with an endo-oriented alkyl substituent) or more likely a higher-energy transition state leading from 26-to 27-Z. Subsequent protonation by the imidazolium moiety at other end of the allyl intermediate would generate an isomerized alkene ligand, which could dissociate. Calculations are underway to investigate this proposed process. Figure 9 would predict that if D 2 O were present, at the stage of 27 we could expect H/D exchange and incorporation of deuterium in an alkene isomerization/deuteration process. Of the many catalysts for H/D exchange, most are effective on arene and alkane C-H bonds [63, 64] . Those which perform H/D exchange at alkene C-H bonds usually do so with competing and poorly controlled alkene isomerization [65] [66] [67] [68] [69] [70] [71] . A recent exception is an iridium catalyst which does not isomerize alkenes [71] . None of these catalysts appear to act selectively at allylic positions as would be predicted by Fig. 9 . Gratifyingly [32] , exposure of a variety of alkenes to sufficient D 2 O to give 95 % deuteration leads to nearly theoretical levels of deuteration at accessible allylic positions (Fig. 10) . Propene is deuterated only at positions 1 and 3, in complete accord with Fig. 9 . Longer alkenes such as 1-butene and 1-pen- tene, however, are completely deuterated, because in these cases the catalyst can move the double bond up and down the hydrocarbon chain and make every position allylic and exchangeable. Branching impedes isomerization and hence also deuteration, in useful ways: a common alkene moiety in natural products is an exocyclic iso-propenyl group. The terpenes (+)-limonene and (+)-valencene both feature two double bonds, one within a ring and the other in an iso-propenyl substituent, and our results [32] show that the latter can be fully pentadeuterated with little deuteration elsewhere. 
CONCLUSIONS
In addition to the work described above, since 2005, several notable reports of pyridylphosphine-enhanced catalysis from other labs have appeared, including in situ alkyne hydration catalysts [41] , applications of anti -Markovnikov alkyne hydration to selective organic synthesis [72] [73] [74] , and enhanced nitrile hydration [75] . Ongoing studies in the author's lab include additional applications of alkyne hydration and alkene isomerization, development of polymer-supported versions of the catalysts, and extensions of proton transfer capability to other ligand and reaction types. From all of this work, it is clear that there is much to be done and learned in the area of bifunctional catalysis involving proton transfer or hydrogen bonding.
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